Klebsiella pneumoniae has become one of the most dangerous causative agents of hospital infections due to the acquisition of resistance to carbapenems, one of the last resort families of antibiotics. Resistance is usually mediated by carbapenemases coded for by different classes of genes. A prolonged outbreak of carbapenem-resistant K. pneumoniae infections has been recently described in northeastern Ohio. Most strains isolated from patients during this outbreak belong to MLST sequence type 258 (ST258). To understand more about this outbreak two isolates (strains 140 and 677), one of them responsible for a fatal infection, were selected for genome comparison analyses. Whole genome map and sequence comparisons demonstrated that both strains are highly related showing 99% average nucleotide identity. However, the genomes differ at the so-called high heterogeneity zone (HHZ) and other minor regions. This study identifies the potential value of the HHZ as a potential marker for K. pneumoniae clinical and epidemiological studies.
Introduction
Klebsiella pneumoniae is the causative agent of numerous infectious diseases (Woloj, et al. 1986; Daza et al. 2001; Liam, et al. 2001; Huang, et al. 2013; Suzuki et al. 2013; Ramirez et al. 2014a, b; Alcantar-Curiel and Giron 2015; Lin et al. 2015; Qu et al. 2015; Zowawi et al. 2015) and can also act as triggering factor in the initiation and development of ankylosing spondylitis and Crohn's disease Rashid and Ebringer 2007; Rashid et al. 2013) . K. pneumoniae strains recently acquired genes coding for carbapenemases (Nordmann et al. 2009; Munoz-Price et al. 2013; Xie et al. 2013; Ramirez, et al. 2014b) , which increased the severity of the infections by complicating treatments (Hirsch and Tam 2010; van Duin et al. 2014) . As a consequence, numerous groups studied aspects of virulence, antibiotic resistance, and epidemiology of carbapenem-resistant K. pneumoniae (CRKp) infections (Lin et al. 2008; Endimiani et al. 2009; Shu, et al. 2009; Hirsch and Tam 2010; Ramirez et al. 2012; Deleo et al. 2014) . In one study, a combination of whole genome mapping (WGM) and whole genome sequencing (WGS) led to the identification of a particular chromosome segment, known as high heterogeneity zone (HHZ), later also called region of divergence (rd). The HHZ shows high variability and includes a "hot spot", also known as attO hot spot, where DNA fragments of a different origin can be inserted, and the capsular polysaccharide biosynthesis gene cluster (CPC) (Lin et al. 2008; Shu et al. 2009; Ramirez et al. 2012; Deleo et al. 2014 ).
An outbreak of CRKp infection recently occurred in northeastern Ohio with most strains belonging to MLST sequence type 258 (ST258) (van Duin et al. 2014) . To characterize KPCproducing strains causing this outbreak we analyzed two isolates that led to different outcomes after treatment. Our results showed high homogeneity at the genomic level, but significant differences occurred at one region within the HHZ.
Results and Discussion

Cases Description
Klebsiella pneumoniae Kb140 is a blood isolate from a 64-year-old man with a history of coronary artery disease, congestive heart failure, peptic ulcer disease, and chronic obstructive pulmonary disease (which was treated with chronic corticosteroids) that was transferred from an outside facility to a referral hospital to be treated for pneumonia (Ramirez et al. 2014b) . Despite antibiotic treatment (intravenous tigecycline) and other procedures the patient died on hospital day 8. K. pneumoniae Kb677 was isolated from of urine culture of an 87-year-old woman with a history of localized breast cancer without metastases who was admitted to a referral hospital from the community (Ramirez et al. 2014b ). She did not meet CDC/NHSN criteria for urinary tract infection, and was not treated with any antibiotics with in vitro activity against CRKp. She was discharged back to her home after a prolonged hospital stay of 28 days. The antimicrobial susceptibilities of both isolates are summarized in table 1. Significant differences are that Kb140 is susceptible to gentamicin, but not to tobramycin or amikacin; and Kb677 is susceptible to amikacin but not gentamicin or tobramycin.
Whole Genome Map Comparison
The HHZ can be divided into distinct regions of which 3 and 4 seem to exhibit the highest variability (Ramirez et al. 2012) . Region 3 consists of a "hot spot", also known as attO (Lin et al. 2008) , for insertion of DNA fragments. In at least one strain, NTUH-K2044, the insertion in Region 3 is the ICEKp1, a ca. 76-kbp integrative and conjugative element that includes a high-pathogenicity island (Lin et al. 2008) . HHZ Region 4 contains the CPC (Ramirez et al. 2012) , which shows high variability among strains (Shu et al. 2009 ). Comparison of WGMs of strains Kb140 and Kb677 revealed that, although not identical, their genomes are very similar (regions in blue, fig. 1a ). One of the areas of difference (white in the WGMs) is located within the HHZ ( fig. 1a and b) , more precisely, at Region 4 ( fig. 1b) . Further WGM comparisons showed that both strains are closely related to K. pneumoniae VA360, a strain isolated in the same region before the beginning of the surveillance study, strain Kb140 being the most similar ( fig. 1c ) (Ramirez et al. 2012; Xie et al. 2013) .
WGS: Comparison of the HHZs
The genomes of strains Kb140 and Kb677 are 5,677,714 and 5,894,762-bp long, respectively. Analysis of the HHZs at the nucleotide level showed that the Region 3 of both strains, as well as that of strain VA360, includes the same DNA fragment, an indication of relatedness. A comparison of the Region 3 of all three strains and those of well-studied strains such as NTUH-K2044, KCTC2242, which include unique DNA fragments, and MGH 78578, which does not include an insert is shown in figure 2a .
Region 3 of strains Kb140, Kb677, and VA360 includes elements coding for functions involved in conjugation, a 
Values for doripenem and tigecycline are too close (one dilution) to assure that their phenotypes are actually different.
type III restriction endonuclease and the cognate methylase as well as a P4-like integrase and other hypothetical genes with unknown function (table 2). The integrase is found in numerous genomes of Gram-negatives (supplementary fig. 1S , Supplementary Material online) and its amino acid sequence shares 50% identity and 68% similarity with the ICEKp1 integrase (Lin et al. 2008) (supplementary fig. S2 , Supplementary Material online). As it is the case in ICEKp1, the integrase could mediate insertion and excision of this DNA fragment. The Region 3 of strains Kb140, Kb677, and VA360 was also found in sixteen CRKp strains (supplementary fig. S3a , Supplementary Material online) (Snitkin et al. 2012) .
A comparison of the HHZ Region 4 among strains Kb140, Kb677, and VA360 showed that while the CPCs were identical in strains Kb140 and VA360, they were significantly different from that of strain Kb677 ( fig. 2b ). BLAST analyses of both versions of Region 4 indicated that only ten completed genomes include a CPC identical to that of strain Kb140 (supplementary fig. S3b , Supplementary Material online). Conversely, the CPC from strain Kb677 was found in 11 strains, 3 of them the KPNIH10, 30660/NJST258_1, and 30684/NJST258_2 that also have identical versions of HHZ Region 3 (supplementary fig. S3c, Supplementary Material online). There is a conspicuous GC% difference in value at the HHZ with respect to the rest of the genome at the locations corresponding to the Regions 3 and 4 (see fig. 3 ).
WGS: Multiple Genome Alignment and Genomic Features
The nucleotide sequences of both strains showed 99% average identity. MAUVE alignment including the K. pneumoniae VA360, NTUH-K2044, and MGH 78578 genomes identified seven locally collinear blocks (LCBs) and no inversions (fig. 4) . A 5,757-nucleotides deletion was observed in the Kb677 genome. The deleted fragment includes genes coding for homologs to a two-component regulatory system, a heat shock protein, a putative LuxR regulator, the competence damageinducible protein A, and a hypothetical protein. A 2,096-nucleotide deletion coding for the 23S ribosomal RNA was identified in the Kb140 genome. Furthermore, 5 and 14 unique regions were found in the Kb140 and Kb677 genomes, respectively. Three of them are prophage-like sequences and considerably larger than the rest (table 3 and fig. 3 ).
In both genomes 73% of the genes were assigned to a functional category including carbohydrate and amino acid metabolism, transcription and energy production and conversion (table 4). As expected, there was no significant difference in functional categories between the five strains (table 4). 
Conclusions
The importance of K. pneumoniae as a pathogen has significantly grown in recent years (Nordmann et al. 2009 ). This is, at least in part, due the rise of strains that are becoming resistant to most antibiotics used in standard treatments. In particular, the relatively recent acquisition of carbapenemase genes led to dissemination of CRKp strains that are the hardest to treat (Nordmann, et al. 2009; Munoz-Price et al. 2013; Xie et al. 2013; Ramirez et al. 2014b ). These facts led us and other research groups to carry out comparative genomics studies that may help understanding the epidemiology and dissemination of CRKp strains.
Here, we compared the genomes of two strains isolated during an outbreak of CRKp infection in northeastern Ohio. The hot spot sequences, also known as attO (Lin et al. 2008) , are red and the sequences immediately adjacent to the hot spots are black. In the case of strain NTUH-K2044 the inserted sequenced is the ICEKp1 pathogenicity island. (b) Schematic comparison of the Region 4, which consists of the CPC, within the HHZs of K. pneumoniae strains Kb140, Kb677, and VA360. Grayed regions represent high homology. In those cases where there is no 100% identity, the identity percentage is shown. In the case of strain VA360, the Region 4 was put together using different contigs, which are identified by their accession numbers. Coordinate numbers are those in GenBank. Potential function of genes (Kelly and Whitfield 1996; Whitfield 2006; Shu et al. 2009 ): uge, UDP-galacturonate 4-epimerase; ugd, UDP-glucose dehydrogenase; ATF, acyl transferase; gnd, gluconate-6-phosphate dehydrogenase; wcaJ, undecaprenyl-phosphate glycosyltransferase; GTF, glycosyl transferase; POL, polysaccharide biosynthesis; int, integrase-like; tnp, transposase-like; cpsF, CMP-N-acetylneuraminic acid synthetase; tcd, glycosyltransferase; OAL, O-antigen ligase; etk, tyrosine-protein kinase; wza, polysaccharide export lipoprotein; wzi, integral outer membrane protein; PAP2, PAP2 superfamily; galF, modulator of GalU to elevate the cellular concentration of UDP-glucose; Hyp, hypothetical; epsG, putative capsular polysaccharide biosynthesis protein; rfbX (wzx), flippase; wcaG, GDP-4-keto-6-deoxy-D-mannose 3,5-epimerase/ reductase; rfbAB, ATP-binding cassette transporter; rfbC, involved in polysaccharide synthesis (epimerase), rfbD, involved in polysaccharide transport; wbaP, membrane protein that helps transfer a galactose residue from UDP-Gal to undecaprenol diphosphate to form Gal-p-UndP.
Although strains Kb677 and Kb140 differ in the carbapenemase gene they carry, only minor differences were detected between their genomes, in general due to insertions and deletions. This was not surprising because as others and we have previously observed comparing other K. pneumoniae strains (Deleo et al. 2014; Ramirez et al. 2014b; Sabirova et al. 2016) , the genomes of this bacterium seem to be quite homogeneous. However, in spite of the similarities between both genomes, strains Kb677 and Kb140 show significant differences at the HHZ. This region, also known as "rd", was shown to be one of the most variable in K. pneumoniae isolates (Deleo et al. 2014) . These results underscore the potential importance of the HHZ. This study shows that two strains isolated during the same outbreak could be quickly differentiated by their HHZs. We propose that this zone of the K. pneumoniae genome can be used as a signature for epidemiology analysis. 
Materials and Methods
Bacterial Strains
Klebsiella pneumoniae Kb140 and Kb677 belong to ST-258 possess a different rep-PCR type (type-A for Kb140 and type-B for Kb677). Strain Kb140 harbors bla KPC-2 while Kb677 harbors bla . Their antimicrobial susceptibilities were determined by broth microdilution according to CLSI methods and interpretations (Clinical-Laboratory-Standard-Institute 2012).
Genomic Analyses
The available scaffolds for the strains Kb140 and Kb677 (accession number AQRD01000000 and AQPG01000000, respectively) were ordered and oriented with the MAUVE Contig Mover (Darling et al. 2010) , using the K. pneumoniae NTUH-K2044 genome as reference (accession number AP006725). Genomes were aligned with the open-source MAUVE aligner version 2.3.1 using the progressive algorithm. The alignments were generated using the default settings (http://darlinglab.org/mauve/mauve.html, last accessed June 8, 2016). Conserved segments that appear to be internally free from genome rearrangements, known as LCBs, were identified using MAUVE. Functional categories groups for genes have been predicted by comparison with the Clusters of Orthologous Groups (COGs) (Tatusov et al 1997) . The prediction of coding sequences (CDS) was made by Rast version 4.0 software and confirmed by BLAST (Aziz et al. 2008) . tRNA genes were identified using tRNAscan-SE (Lowe and Eddy   FIG. 4. -Alignment of K. pneumoniae strains genomes using MAUVE. Each genome's panel contains a scale showing the sequence coordinates, colored blocks that represent regions of the genome sequence that aligned to part of the other genomes, and a single black horizontal center line where the blocks that lie above are in the forward orientation (in this case there are no blocks in reverse orientation, then the lines look to be at the bottom across the genome). 
